Cladding systems typically serve architectural purposes and protect occupants against the external environment. It is possible to leverage these systems to enhance structural resiliency. A common application is the use of blast resistant panels for enhanced protection against man-made hazards, whereas energy is dissipated through sacrificial elements. However, because these protection systems are passive, their mitigation capabilities are bandwidth limited, therefore targeting single types of hazards. The authors have recently proposed a novel variable friction cladding connection (VFCC), which enables the leveraging of cladding inertia for mitigating blast, wind, and seismic hazards. The variation in the friction force is generated by an actuator applying pressure onto sliding friction plates via a toggle system. Previous work has characterized the dynamic behavior of a VFCC prototype, and established design procedures for blast mitigation applications. Here, work is extended for applications to wind mitigation. An analytical model is developed to characterize the dynamic behavior of the VFCC for wind-induced vibrations. A motion-based design framework is developed to enable an holistic integration of the device within the structural design phase.
The VFCC is a variable friction device engineered to laterally connect cladding elements to the structural 48 system. The device is schematized in Fig. 1 (a) and shown in Fig.1 (b) . The device consists of two sets of 49 sliding friction plates upon which a variable pressure is applied by an actuator through toggles. Piezoelectric-50 based [39] or electromagnetic-based [40] technologies could be good candidates to actuate the device. Figure   51 1 (b) shows a spacer in lieu of the actuator. These spacers were used to emulate actuation during the dynamic 52 characterization process in [28] by maintaining a constant displacement on the toggle. The figure also shows 53 the aluminum frame that was used to mount the device in the testing machine, where the applied force is 54 acting vertically. The blocks are used to prevent the toggles from pushing beyond a vertical alignment. 
where µ c is the friction coefficient.
64
The dynamic friction behavior of the VFCC prototype was previously characterized using a modified
65
LuGre friction model [28] . The dynamic friction force F f is given by 
where σ 0 , σ 1 , and σ 2 are constants that model the stiffness of the bristles, microdamping, and viscous friction,
68
respectively; x is the sliding displacement of the inner friction plates and taken as x = y 0 − y;ẋ is the sliding amplitude 13 mm at 0.05 Hz in terms of actuation capacity using the parameterized LuGre friction model.
74
In this configuration, d ≤ y ≤ l p − d and the Coulomb friction force F c given by
where F c0 represents the initial Coulomb friction force at x = 0. Parameters F s and σ 0 are modeled as 76 proportional to F c
77
F s = C s F c (7)
where C s > 1 and C σ are constants. Table 1 lists parameters of the VFCC prototype characterized in [28] . 
where Ω is the excitation frequency andx is the amplitude of structure-cladding displacement due to the 93 dynamic load. Note that this assumption does not hold for the intended semi-active application, and only
94
provides a rough approximation of the friction behavior. The intent is to develop a design procedure that 95 would provide starting points in the sizing of the device. As it will be discussed later, this technique will 96 also require the approximation of the wind load into a harmonic load.
97
(a) Figure 4 : Diagram of a n-story structure equipped with a cladding system and VFCCs.
The equations of motion of the linear time-invariant n-story structure-cladding system with equivalent 98 viscous damping are given by
where x s ∈ R n×1 and x c ∈ R 2n×1 are the displacement vectors of the primary structure and of the cladding 100 relative to the primary structure, respectively, p ∈ R n×1 is the external load input vector, E p ∈ R 2n×n and 101 E c ∈ R n×2n are the external loading and cladding location matrices, respectively, and M s ∈ R n×n , C s ∈ 102 R n×n , K s ∈ R n×n are the mass, damping, and stiffness matrices of the primary structure and M c ∈ R 2n×2n ,
103
C c ∈ R 2n×2n , K c ∈ R 2n×2n are the mass, damping, and stiffness matrices associated with the cladding 104 system.
105
The mass of the cladding panel at each floor m c is taken to be identical at the preliminary design stage for 106 simplicity. The cladding connection, which includes the lateral stiffness k c and the equivalent viscous damping 107 c c , is assumed to be identical at each floor for simplicity of the design process and field implementation. The 108 mass, damping, and stiffness matrices of the cladding elements, is connected to the ground and to the first floor, as illustrated in Fig. 4 and x s,0 corresponds to ground 117 motion, which is taken as x s,0 = 0 for wind loading.
118
To obtain a mathematically trackable displacement vector x c,i , its dynamics is expressed in terms of the 119 modal vectors Φ cr and modal coordinates q cr,i (r = 1, 2) for DOFs r = 1, 2, and is assumed to be governed 120 by the first mode
where q c1,i is the modal coordinate of the first mode and 
with the equivalent cladding mass m ce , damping c ce , and stiffness k ce
where the displacement q c1,i ≈ x c,2i−1 ≈ x c,2i . The SDOF schematic representation is illustrated in Fig.   127 
5(b).

128
Similarly, the displacement vector of the primary structure x s is written in terms of its modal vectors
129
Φ sk and modal coordinates q sk (k = 1, 2, ..., n), with the assumption that its dynamic behavior is governed
130
by the first mode when subjected to wind excitations [42]
where 
with the equivalent structural mass m se , damping c se , and stiffness k se equal to
where q s1 ≈ x sn is the displacement of the SDOF structure and the damping matrix C s is taken proportional 135 to the stiffness matrix K s .
136
It follows that the governing equations of motion of the linear time-invariant structure-cladding system 137 are reduced to
where the hat denotes an amplitude, j is the imaginary unit, Ω the excitation frequency, and δ the phase.
Substituting Eq. 17 into Eqs. 16a and 16b yields
Multiplying Eq. 18b by α i and summing from i = 1 to n yields
Defining the mass ratio µ, tuning frequency ratio f , and excitation frequency ratio λ as 
An additional transfer function H a (λ) representing the dynamic amplification of the structural accelera-154 tion is given by
where the amplitude of the acceleration a s1 = Ω 2 q s1 . 
163
The procedure, diagrammed in Fig. 6 , starts by quantifying the design wind load (e.g., return period).
164
After the allowable structural acceleration a p and inter-story drift ratio ∆ p are defined, as well as the 165 allowable structure-cladding spacing l c , both based on the design wind load, the dynamic parameters of 166 the cladding connection consisting of stiffness k ce and equivalent viscous damping ratio ξ c , are selected.
167
Subsequently, three non-dimensional analytical solutions R a , R s , and R c associated with the maximum 168 structural acceleration a max , the maximum drift ratio ∆ max , and the maximum structure-cladding spacing 
Wind load
The time-varying wind load acting on cladding panels at height z is given by [45] 175
where C d is the drag coefficient, ρ is the air density, A is the cladding area exposed to the wind pressure, 
where v(t) is a zero mean fluctuation of the wind flow V d (t) around its mean wind speed V . The design 178 value for V is computed from a 3-second wind gust speed V 0 that can be obtained from wind hazard maps
where z * is the surface roughness length of the building's terrain, and v * and v * 0 are the shear velocities 
where v 2 (t) may be neglected for high-rising buildings or, as done in this paper, approximated into a steady 185 component using its mean value v 2 (t) [45] . The mean square value of the wind fluctuation v 2 (t) can be
where the constant β depends on surface roughness length at the building terrain, also listed in Table 2 . The 
The fluctuating wind forces can be modeled as a zero-mean Gaussian stationary and spatiotemporal field that is characterized by its cross-spectral density function
where subscripts i and l refer to different heights, and the coherence function Coh is given by [46] 193 corresponding to a serviceability limit state [49] .
198
The acceleration criterion a p is typically associated with building serviceability and its performance observation time T and the corresponding peak response factor η are given by
where σ q is the standard deviation of q s (t). The maximum structural acceleration a max = ησ a [55], where 225 σ a is the standard deviation of the wind-induced structural acceleration a s (t).
226
The mean square values of the structural displacement and acceleration, σ of the structure-cladding model [51] . For a lightly damped structure, the response power spectrum is dom-229 inated by the contribution of the excitation power spectrum around the natural frequency of the structure 
where the PSD of the equivalent fluctuating wind force [51] . A solution for 233 the integration of transfer functions,J s and J a , can be obtained using the integral formula from Gradshteyn
234
and Ryzhik [60] 235
where
, and b 3 = 2ξ c f . Two non-dimensional analytical solutions R a and R s are used 237 to compute the maximum acceleration and the maximum interstory drift ratio of the structure, respectively,
where the maximum inter-story drift ratio ∆ max = max i φs,1i−φs,1i−1 hi q max based on the assumption that the 239 structure vibrates at its first modal shape and h i is the inter-story height of the i th floor. The maximum relative displacement between the cladding and the primary structure l max is estimated 242 using the mean and fluctuating wind force components
where v i is the amplitude of the harmonic excitation. The mean square value of v i (t) is written [61] 254 v 2 i (t) = lim
Combining Eqs. 27 and 40 yields an amplitude for the wind fluctuation v i = √ 2βv * and the fluctuating 255 wind load component is taken as
giving the amplitude of the equivalent fluctuating wind force component p e
It follows that the maximum cladding-structure displacement q c1,i attributed to the fluctuating wind 258 loads is written
where H c,i = max|H c,i (λ)| represents the maximum value of the amplitude of the transfer function H c,i (λ)
260
over the excitation frequency ratio λ. The non-dimensional analytical solution R c is used to compute the 261 maximum structure-cladding spacing
4.3.3. Dynamic parameters for cladding connection
263
The dynamic parameters for the cladding connection are selected on the basis of all three analytical 264 solutions R a , R s , and R c . First, the structure-cladding displacement l n (i.e., l n ≤ l c ) due to the mean static 265 wind force component P n at the top floor is assigned, yielding
Second, an initial stiffness value k ce is selected, and the tuning frequency ratio f = kce µkse obtained.
267
Third, the damping ratio of the connection ξ c is selected through a minimization of the structural acceleration,
268
because acceleration is mostly related to serviceability under wind hazards. Fourth, using Eq. 35b, an iteration is required, where the design parameters k ce , ξ c , and/or l c are altered until the process is completed.
276
The friction damping capacity F cp at each connection is then obtained using Eq. 9 with the VFCC arbitrarily 277 designed for a harmonic excitation acting on the first natural frequency of the structure ω s and the amplitude 278 of structure-cladding displacement due to dynamic load taken asx = l max − l n ,
with ξ c0 = cc0 2mceωc . The equation of motion for the 24-story building has the form
where x ∈ R 72×1 is the displacement vector, p ∈ R 24×1 is the wind force input vector, F ∈ R 48×1 is the 292 control input vector, E ∈ R 72×24 and E f ∈ R 72×48 are the wind loading and control input location matrices, 293 respectively, and M ∈ R 72×72 , C ∈ R 72×72 , K ∈ R 72×72 are the mass, damping and stiffness matrices of the 294 building, respectively.
295
The state-space model of Eq. 48 for simulation is then given by
is the state vector and the constant coefficient matrices are defined as follows
The numerical algorithm follows the discrete form of the Duhamel integral [1] : 
where G f ∈ R 48×144 is the control gain matrix, tuned to minimize a performance objective index J LQR
where R x ∈ R 144×144 is the regulatory weight matrix and R f ∈ R 48×48 is the actuation weight matrix. Note 307 that the design and optimization of the controller is out-of-the-scope of this work. In the later numerical 308 simulation, the regulatory and actuation weight matrices R x and R f are pre-tuned as
and R f = 10 −10 I 48×48 . The performance of the semi-active VFCC is compared against that of a passive-on in Fig. 8(a) . The dynamic properties of the 4DOF system are listed in Section 3, the 4DOF system is reduced into its equivalent 2DOF representation, illustrated in Fig.8(b wherep is the amplitude of the harmonic load acting on the 4DOF system. The transfer functions H s (λ), H a (λ) and H c (λ) for the equivalent 2DOF system are written in Fig. 11(b) . This is likely attributed to the discontinuous motion from the stick-slip phenomenon that is 351 amplified with large friction force. In order to further investigate the effect of dynamic parameters, the analytical solutions of the transfer 353 functions (Eq. 56) are used to conduct a parametric study of the mass ratio µ (Fig. 12) , tuning frequency 354 ratio f (Fig. 13) , and damping ratio ξ c (Fig. 14, showing ξ ce ) . A study of the transfer functions shows that the connection's stiffness (i.e., increasing f ) has the converse effect on H s and H a , yet still decreases H c .
360
Also, using a more flexible connection leads to a behavior analogous to that of a tuned mass damper, 361 observable under f = 1.5 and f = 1.8. However, this added performance comes at the cost of a much 362 larger structure-cladding displacement which will unlikely meet the design target. A similar performance is 363 observed by decreasing ξ c , although one must be careful in evaluating the behavior under high damping given 364 the lower accuracy of the transfer functions to represent structural behavior. Once again, higher mitigation 365 (i.e., lowering ξ c ) comes at the cost of higher structure-cladding displacement that may not be possible to 366 achieved. It follows that the VFCC is expected to be used under low stiffness and high damping. 
Demonstration of MBD procedure
368
The proposed MBD procedure is demonstrated on the 24-story office tower building. A basic design wind load is calculated as P e = 1.82 × 10 6 N using Eq. 33. The design parameters are listed in Table 5 .
379
Performance Objectives
380
The performance objectives are then quantified. Using the average return period Q = 50 years and the 381 first nature frequency of the structure 0.2 Hz, the acceptable peak acceleration for occupancy comfort is 382 calculated as a p = 27 mg based on Eq. 31. The allowable lateral drift ∆ p = 1/250 and a design value of the 383 allowable structure-cladding spacing l c is set to 0.5 m for the preliminary design, corresponding to half the 384 allowable distance (1 m) reported in Ref.
[66]. The performance objectives are listed in Table 5 .
385
Connection Design
386
The equivalent mass and stiffness of the primary structure is m se = 1. Table 5 . 
400
with the two-sided PSD S v (z i , Ω) in Eq. 28 and the coherence function Coh(z i , z l , Ω) from Eq.30. To simulate 404 the stochastic process, the power density matrix S(Ω) is first decomposed into the following product [68]:
where subscript asterisk denotes the complex conjugate and Λ(Ω) is a lower triangular matrix
Once the matrix S(Ω) is decomposed, the stochastic process of wind fluctuation v i (t) is generated by the 407 following series [68]
where δ qτ is a random phase uniformly distributed between 0 and 2π; and the phase θ iq (Ω qτ ) is given by
The double-indexing frequency Ω qτ is defined as:
with the frequency step ∆Ω = Ω u /N Ω , where Ω u is an upper cutoff frequency, taken as Ω u = 20π, and 411 the total number of frequency points N Ω = 2 13 [69] . Lastly, the simulated wind load P d,i (t) acting on the 412 cladding panels at the i th floor is generated
where V i is the mean wind speed at building height z i obtained using Eq. 25 and the air density is taken 414 as ρ = 1.225 kg/m 3 . A typical 10-minute duration wind excitation at the top floor is plotted in Fig. 15 . 
Simulation results
420
The maximum response profiles of the building is plotted in Fig. 17 , showing the maximum inter-story 421 displacement ( Fig. 17(a) ), the maximum absolute acceleration (Fig. 17(b) ), and the maximum structure-
422
cladding displacement (Fig. 17(c) ). Results show that the semi-active controlled VFCC significantly reduces It can also be observed in Fig. 17 that the passive design indicated that the passive-on strategy was within 430 the acceptable acceleration bounds. This discrepancy is mainly attributed to the non-negligible errors in 431 the analytical solutions arising from the assumptions made to reach a mathematically trackable solution,
432
for instance the negligence of the higher structural modes, the simplification of the wind spectral density 433 function, and the modeling of the friction element through equivalent viscous damping. Nevertheless, the 434 objective is to obtain a connection that would perform appropriately under control, which objective has been 435 attained given the higher teachability of the device under its semi-active mode.
436
To further investigate the quality of the analytical solutions, Fig. 18 plots three non-dimensional analyt-437 ical solutions (R s , R a and R c ) at the designed connection stiffness under various damping capacities. These 438 analytical solutions are compared against the simulation results, using performance metric R * :
where the R refers to R s , R a and R c and the subscript 'model' represents the analytical solutions and such as the stick-slip motion.
465
The MBD procedure was demonstrated on a 24-story building, and compared to the performance of the
466
VFCC under semi-active control with the passive-on mode and the uncontrolled structure. Simulation results
467
show that the VFCC was capable of reducing the response of the uncontrolled structure under the prescribed 
